Introduction
Short-and long-term changes in synaptic efficacy are known to be important in learning and memory. cAMP is an important second messenger and its crucial role in learning and memory has been provided by many genetic and pharmacological studies (for review, see Nguyen and Woo, 2003; Ferguson and Storm, 2004) . Genetic inactivation of the cAMP signaling pathway results in learning and memory impairment (Wu et al., 1995; Wong et al., 1999) , whereas transgenic mice with increased cAMP levels show improved memory (Wang et al., 2004) . Activation of the adenylyl cyclase, which converts ATP in cAMP, by forskolin, or the application of cAMP analogues facilitates the release of neurotransmitter (ChavezNoriega and Stevens, 1992; Huang et al., 1994; Weisskopf et al., 1994; Salin et al., 1996) .
The subiculum is the main hippocampal output region serving as an interface between the hippocampus proper and the neocortex. The importance of the subiculum during encoding and retrieval of learned information has been recently demonstrated (Gabrieli et al., 1997; Zeineh et al., 2003; Deadwyler and Hampson, 2004) ; however, little is known about the signaling mechanism involved in synaptic plasticity within the subiculum (Commins et al., 1998; Kokaia, 2000; Huang and Kandel, 2005; Fidzinski et al., 2008; Wozny et al., 2008) . Subicular pyramidal cells have been classified into bursting and regular firing cells (Stewart and Wong, 1993; Taube, 1993; Staff et al., 2000; Jung et al., 2001; Menendez de la Prida et al., 2003; Wozny et al., 2003) . Bursting cells fire a burst of action potentials upon depolarizing current injection. In regular firing cells, prolonged depolarization causes either a single action potential or trains of single spikes, respectively. Recently, we provided evidence for two different forms of long-term potentiation (LTP) at CA1-subiculum synapses that correlate with the discharge properties of the subicular pyramidal cell (Wozny et al., 2008) . Here, we report that LTP in bursting cells requires activation of PKA via a calcium-dependent adenylyl cyclase, while LTP in regular firing cells is independent of elevated cAMP levels. Our results provide further evidence that at CA1-subiculum synapses, the firing pattern of the postsynaptic target determines the signaling mechanism involved in synaptic plasticity.
Materials and Methods
Slice preparation. Experiments were performed in accordance to national and international guidelines as recently described (Wozny et al., 2008) . Briefly, rat brain slices (300 m) were prepared in saccharose-based ACSF (in mmol/L: NaCl 87, NaH 2 PO 4 1.25, KCl 2.5, NaHCO 3 26, MgCl 2 7, CaCl 2 0.5, saccharose 75, and glucose 25) and stored in physiological ACSF solution (containing in mmol/L: NaCl 129, NaH 2 PO 4 1.25, KCl 3, MgSO 4 1.8, CaCl 2 2, NaHCO 3 21, and glucose 10, saturated with 95% O 2 and 5% CO 2 at a pH of 7.4).
Electrophysiology. Recordings were done in the middle portion of the subiculum that receives synaptic input from the middle subfield of CA1 in whole-cell patch-clamp near physiological temperature (Wozny et al., 2008) . Patch-clamp electrodes (2-4 M⍀) were filled with (in mM): K-gluconate 135, HEPES 10, Mg-ATP 2, KCl 20, and EGTA 0.2; pH was adjusted to 7.2 with KOH. Depolarizing current steps were applied to characterize the cells' discharge behavior. Excitatory postsynaptic responses were evoked by alvear stimulation. Experiments were done in the presence of the GABA A receptor-antagonist gabazine. To induce LTP, four tetani of high-frequency stimulation were applied at 100 Hz for 1 s with 10 s intertrain intervals. Paired-pulse facilitation (PPF) was investigated by analyzing the ratio of second to the first synaptic response (EPSC2/EPSC1, interpulse interval 50 ms). All values are expressed as means Ϯ SEM and statistical comparison was done by applying Student's t test or an ANOVA test. Significance level was set to p Ͻ 0.05.
Drugs. Gabazine (SR 95531; 1 M) and 1,9-dideoxyforskolin (50 M) were purchased from Sigma-Aldrich, forskolin (5 and 50 M), 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo(f)quinoxaline-7-sulfonamide (NBQX, 40 -100 nM), and ␥-D-glutamyl-glycine (␥-DGG, 1 mM) from Tocris/Biozol. To block PKA with H-89 (10 M, Sigma) and Rp-8-CPT-cAMP (100 M, Biolog), slices were incubated for at least 1 h before recordings were started.
Results
Elevation of cAMP is known to enhance transmitter release at the hippocampal mossy fiber synapse (Huang et al., 1994; Weisskopf et al., 1994) , in the cerebellum (Salin et al., 1996) , the amygdala (Ló pez de Armentia and Sah, 2007) , and the prefrontal cortex (Huang and Hsu, 2006) . Subicular pyramidal cells display regular firing or bursting behavior in response to depolarizing current pulses ( Fig. 1A ) (Stewart and Wong, 1993; Taube, 1993; Staff et al., 2000) . To test whether cAMP plays a role in LTP at CA1-subiculum synapses, we activated adenylyl cyclase by forskolin in each cell type. Forskolin (50 M) caused a significantly stronger potentiation of evoked EPSCs in bursting cells than in regular firing cells (Fig. 1B,C) . The enhancement of synaptic transmission in bursting cells was not mimicked by 1,9-dideoxyforskolin, indicating that the enhancement of synaptic transmission by forskolin is exclusively due to the activation of adenylyl cyclase (supplemental Fig. S1 , available at www.jneurosci.org as supplemental material). Additionally, the cAMP-analog Sp-5,6-DCl-cBIMPS also caused a facilitation of EPSCs. The enhancement evoked by manipulations that elevated cAMP was long lasting. Thus, after a brief application of forskolin (50 M), responses remained potentiated for the duration of the experiment (tested up to 60 min following washout of forskolin).
To exclude the possibility that the observed long-lasting effects were due to incomplete washout of forskolin, we repeated the experiments with a lower concentration of FSK (5 M). Still, we found a significant potentiation after washout (see supplemental Fig. S2 , available at www.jneurosci.org as supplemental material). It has been described that cAMP can modulate background leak conductance channels (Budde et al., 1997) . We took advantage of this fact to discriminate between LTP and drug washout. For this purpose we analyzed the cell's input resistance, which was reversibly decreased by 13 Ϯ 3% during FSK application and returned to control levels after washout (Fig. 2 A) . These results demonstrate a sufficient clearance of FSK from the slice.
We next examined the site at which forskolin exerts its effect in subicular bursting neurons. To this end, we monitored PPF before and after application of forskolin. During and following forskolin application we found a clear decrease in the degree of PPF. The forskolin-induced increase in synaptic strength resulted in a decrease of PPF to 84 Ϯ 5% of baseline values indicating a presynaptic expression of forskolin-induced facilitation (Fig. 2 A, B) . Further, analysis of 1/CV 2 before and after forskolin was also consistent with a presynaptic site of expression (Fig. 2C) .
It has been shown that variations in the degree of EPSC blockade by the low-affinity competitive AMPA receptor-antagonist ␥-D-glutamyl-glycine (␥-DGG) can be used to detect changes in the synaptic glutamate transient ( In burst firing cells, depolarization above threshold caused bursts of 2-3 action potentials followed by single action potentials or additional bursts. Calibration: 30 mV, 50 ms. B, Application of forskolin caused a long-lasting potentiation of evoked EPSCs in bursting cells, but only a moderate increase in regular firing cells. Calibration: 50 pA, 30 ms. C, Cumulative probability plots of the cell-specific effects of forskolin.
the synaptic glutamate concentration at CA1-subiculum synapses, we first increased the transmitter release probability by elevating the extracellular Ca 2ϩ concentration and examined the corresponding changes in the degree of EPSC blockade by ␥-DGG. As shown in Figure 3A , the ␥-DGG-induced inhibition was significantly weaker after increasing the extracellular Ca 2ϩ concentration from 2 to 4 mM (Fig. 3 A, D) . We next examined whether forskolin-induced LTP in subicular burst firing cells is associated with an increase of glutamate release. Indeed, EPSCs after induction of LTP were significantly less susceptible to ␥-DGG blockade than the corresponding control EPSCs, suggesting a forskolin-induced increase of glutamate concentration in the synaptic cleft (Fig. 3 B, C) .
How might cAMP-dependent facilitation of transmitter release be activated under physiological conditions? As cAMP-induced enhancement of synaptic strength and LTP in subicular bursting neurons both appear to be long lasting presynaptic phenomena, these two processes may involve a common pathway. Therefore, one might expect that strong activation of one process would occlude the other. Thus, we tested whether cAMP-mediated facilitation occludes LTP in subicular bursting neurons.
Indeed, in bursting cells, the enhancement of EPSCs by forskolin prevented activity-dependent LTP (Fig. 4A,C) . Likewise, application of the cAMP-analog Sp-5,6-DCl-cBIMPS resulted in a facilitation of EPSCs that also occluded tetanusinduced LTP (Fig. 4B,D) . In sharp contrast to bursting cells, in regular firing cells, we observed a robust tetanus-induced LTP in the presence of forskolin, indicating a cAMP-independent transduction mechanism (Fig. 4E) .
These findings suggest that in bursting cells forskolin, the cAMP analog and LTP interact with one another indicating that they share a common process. However, it could be that either the cAMP cascade is an independent parallel process that converges on some step in the LTP pathway or the cascade is positioned in series with the LTP expression mechanism. To distinguish between these two alternatives, we determined whether blocking the cAMP cascade interrupts LTP. We therefore used Rp-8-CPTcAMP and H-89, which are selective blockers of PKA. We found, indeed, that antagonism of PKA blocked LTP in bursting neurons ( Fig. 4F ; supplemental Fig. 3 , available at www.jneurosci.org as supplemental material).
Discussion
Here we provide further evidence that synaptic plasticity in the subiculum is fundamentally different in regular firing and bursting neurons. Experimental elevation of cAMP either by activation of adenylyl cyclase or by a cAMP analog caused a long-lasting increase in EPSC amplitudes in bursting neurons and occluded tetanus-induced LTP. Furthermore, LTP in bursting cells was inhibited by the PKA inhibitors Rp-8-CPTcAMP and H-89. In sharp contrast, LTP in regular firing cells could still be induced in the presence of forskolin. Additionally, the forskolin-induced enhancement of EPSC amplitudes in bursting neurons caused a change in PPF. The degree of EPSC blockade by the low-affinity competitive AMPA receptor-antagonist ␥-DGG suggests an increase of glutamate concentration in the synaptic cleft in burst firing cells after the application of forskolin.
Several forms of synaptic plasticity depend on adenylyl cyclase-cAMP signaling. Two of the eight known forms of adenylyl cyclase (AC) are activated by calcium, AC1 and AC8 (for review, see Ferguson and Storm, 2004) . High levels of AC1 and AC8 mRNA are found in the hippocampus, the dentate gyrus, area CA3, and area CA1 (Xia et al., 1991; Mons et al., 1995) . AC1 knock-out and AC1/AC8-double knock-out mice show deficiencies in hippocampus-dependent learning (Wu et al., 1995; Wong et al., 1999) . Presynaptic forms of LTP have been described to require an increase in presynaptic calcium and a subsequent increase in cAMP levels. Interestingly, both AC1 and AC8 knock-out animals exhibit defects in mossy fiber LTP (Villacres et al., 1998; Wang et al., 2003) , which is known to be expressed presynaptically (Zalutsky and Nicoll, 1990; Nicoll and Schmitz, 2005) . Presynaptic forms of LTP are also found at cerebellar parallel fibers (Salin et al., 1996) as well as at corticothalamic (Castro-Alamancos and Calcagnotto, 1999) and corticoamygdalar terminals (Humeau et al., 2003) . Cerebellar parallel fiber-LTP is likewise impaired in AC1 knock-out animals.
Our observation that forskolin and cAMP analogues mimicked and occluded tetanus-induced LTP in bursting neurons, but not in regular firing cells reveals an intriguing mechanism of targetspecificity of CA1 efferents onto subicular pyramidal cells. Targetcell specific forms of synaptic plasticity have also been described at hippocampal mossy fiber synapses. Properties of mossy fiber-pyramidal cell synapses are distinct from mossy fiber-interneuron synapses (e.g., short-term plasticity, presynaptic form of LTP) (Maccaferri et al., 1998; Tó th and McBain, 2000) .
Despite the growing amount of data about the cellular mechanisms of synaptic plasticity in two different types of subicular pyramidal neurons (Fidzinski et al., 2008; Wozny et al., 2008) , there is a lack of functional anatomical data of these cell types. Subicular pyramidal cells project to a variety of cortical and subcortical structures (Stewart and Wong, 1993; Amaral and Witter, 1995) and they have been shown to be differentially distributed in the proximo-to-distal and deep-to-superficial axes of the subiculum (Greene and Totterdell, 1997; Staff et al., 2000; Harris et al., 2001; Menendez de la Prida et al., 2003; Jarsky et al., 2008) . Future studies will have to map the target structures of bursting and regular firing cells to unravel the physiological implications of cell-specific plasticity at hippocampal output synapses.
